Abrasive waterjet peening (AWJP) 
Introduction
Fatigue is one of the most critical concerns in the design of engineering and orthopedic components. Due to the stress concentrations posed by the surface roughness ͓1,2͔ and manufacturing related microstructural defects ͓3,4͔, fatigue failures typically initiate from the surface rather than from within. As such, the surface characteristics of a component have a significant effect on the fatigue performance. Imparting compressive residual stresses on the surface has been shown to increase the fatigue strength of components ͓5,6͔, whereas an increase in the surface roughness is generally detrimental ͓1,5,6͔. Most engineering components requiring fatigue resistance are produced with a smooth surface and treated using secondary surface finishing processes to introduce compressive residual stress. But there are particular applications where components require a rough surface and high fatigue strength to satisfy the intended function. Dental and orthopedic implants are one such application where surfaces must be rough enough to support fixation of the device within the joint space and have high fatigue strength. Yet, the surface texture should not sacrifice the fatigue strength of the implant.
Secondary surface treatment processes are often adopted to alter the surface characteristics of engineering and medical components according to the intended application. The most common processes employed to develop orthopedic surfaces include plasma spray ͑e.g., Refs. ͓7-9͔͒, sintering of metal beads ͑e.g., Ref. ͓10͔͒, and diffusion bonding of a wire mesh ͓8͔. While these processes provide a surface suitable for primary fixation, the fatigue strength of the device is often reduced to a value below that of the metal in wrought form. Surfaces resulting from these processes generally exhibit a lower fatigue strength when compared with untreated surfaces ͓9͔, which can be attributed to the stress concentrations posed by the surface texture and tensile residual stress resulting from treatments ͓7,11-13͔. Grit blasting or shot peening prior to plasma spraying or sintering mitigates the effects of the tensile residual stress to an extent ͓9͔. While this approach is an improvement, the ideal solution would be to develop surfaces with the required texture and compressive residual stress state simultaneously, and without a coating.
Perhaps best described as a nontraditional surface treatment process, abrasive waterjet peening ͑AWJP͒ is a recently developed method that utilizes a high-pressure water jet laden with abrasive particles of specific hardness and chemistry ͓14-18͔. Recent studies on AWJP indicate that it can be used to develop a surface texture to support bonding, to change the surface chemistry by embedding particles in the substrate, and to introduce compressive residual stresses ͓16-18͔. One potential drawback of AWJP is that the magnitude of residual stress is lower than that obtained from competing and more traditional processes such as shot peening. For example, in AWJP of Ti6Al4V, the near-surface compressive residual stress ranged from 90 MPa to 350 MPa ͓15͔, whereas shot peening of the same alloy was reported to result in a maximum residual stress of 700 MPa ͓19͔. Similarly, AWJP of steel resulted in a maximum surface residual stress of 460 MPa ͓16͔, whereas shot peening of comparable alloys resulted in surface stresses between 650 MPa ͓20͔ and 900 MPa ͓21͔. Therefore, for AWJP to become a highly viable process, the magnitude of residual stress must be improved.
In studies concerning shot peening operations, an elastic prestress has been applied to the target to increase the magnitude and depth of residual stresses ͓22,23͔. Briefly, the treatments are conducted while subjecting the target surface to a tensile elastic prestress. Upon releasing the prestress after treatment, it superimposes with the surface residual stress caused by peening and results in a higher compressive residual stress. Although application of elastic prestress has been shown to increase the magnitude of residual stress in shot peening, this method has not been applied universally. In fact, the use of prestress ͑or prestrain͒ has received surprisingly little attention. Recent preliminary studies on AWJP showed that an elastic prestress may improve the surface residual stress ͓24,25͔. However, further study is required to de-termine the feasibility of this process in a production environment and to distinguish changes to the subsurface stress profile.
In the present study, an experimental evaluation of the surface and subsurface residual stresses resulting from AWJP of selected metals with elastic prestress was conducted. The overall objective of this study was to determine the effect of elastic prestress on the residual stress distributions resulting from treatments of selected metals.
Materials and Methods
Three metals were selected for the evaluation including a titanium alloy ͑Ti6Al4V͒, spring steel ͑ASTM 228͒, and Inconel 718 alloy. The mechanical properties of these materials were determined using a tension test and are listed in Table 1 . All three metals were obtained in sheet form having a thickness of 1.5 mm. Rectangular specimens were prepared for the treatments with dimensions of 275ϫ 18 mm 2 . The AWJP treatments were conducted using an OMAX Model 2652 abrasive waterjet. The machine is capable of discharging a mixture of water and abrasives at pressures within the range of 150-300 MPa. The nozzle assembly consists of a 0.36 mm diameter sapphire orifice and a tungsten carbide mixing tube of 0.9 mm internal diameter and 89 mm length. In all treatments, the nozzle was held perpendicular to the treatment surface. A schematic of the peening process is shown in Fig. 1͑a͒ . The treatments were conducted with crushed aluminum oxide abrasives of Mesh No. 54 ͑approximately 300 m particle diameter͒ and a treatment pressure of 260 MPa. The standoff distance and traverse speed were 0.25 m and approximately 0.04 m/s, respectively, and were chosen to maximize the residual stress according to the results from a previous study ͓16͔. Under the range in conditions explored, the diameter of the treatment area is approximately 11 mm and the corresponding area of jet impingement is 1 ϫ 10 −4 m 2 per unit time. Using the treatment path shown in Fig. 1͑d͒ resulted in approximately 70% overlap between two adjacent passes, thereby ensuring 100% surface coverage.
A uniform elastic prestress was achieved on the treated surface by placing the specimen in an especially designed fixture to administer four-point flexure ͑Fig. 1͑c͒͒. Dead weight loads were used to obtain a constant bending moment and a uniform prestress over the region of treatment ͑Fig. 1͑d͒͒. The fixture and dead weights resulted in load control elastic prestress, thereby providing the specimen with the capability to undergo unrestricted elastic recovery during treatment. Specimens were treated with elastic prestress varying from 0% to 75% of their yield strength in increments of 15%. Six specimens of each metal were treated for a total of 18 specimens.
The residual stress distribution resulting from AWJP was estimated from the curvature of the specimens and by employing the layer removal method ͓26-28͔. Layer removal was performed us- The untreated side of each specimen was masked using a photoresist to prevent material removal and to ensure that the resulting change in curvature resulted from the treated surface only. Incremental layer removal was continued until there was no change in curvature with further material removal. In general, the material was removed in increments of 5 m near the treated surface and in increments of 20 m further below. Material was removed incrementally and the change in curvature was used to infer the apparent residual stress distribution. The method described by Treuting and Read ͓26͔ was used to calculate the residual stress as a function of depth ͑ r ͑z͒͒ according to
where E and v are the Young modulus and the Poisson ratio of the material, respectively, and z is the coordinate of depth. Briefly, a layer of known thickness ͑t͒ was removed from the specimen whose surface is initially at a distance z 0 from the neutral axis ͑Fig. 2͒. After removal, a new surface with distance z 1 from the neutral axis is obtained. The specimen's curvature was determined before and after material removal using a profilometer, and the measured curvature ͑ x ͒ was plotted against the distance from the neutral axis ͑z͒. A polynomial curve fit was used to obtain a mathematical relationship between the curvature and distance from the neutral axis. The estimated stress was found to be very sensitive to the curve fitting technique used. Lira et al. ͓28͔ reported similar dependence and found that a second order polynomial provided the best estimates. A suitable series of such evaluations with depth permitted a quantification of the residual stress distribution according to Eq. ͑1͒. The distributions were examined to identify the surface residual stress ͑ r:s ͒, the maximum residual stress ͑ r:max ͒, and the depth of the residual stress ͑Z max ͒ Surface profiles of the treated specimens were obtained using a commercial contact profilometer ͑Hommel T8000, Hommel America, New Britain, CT͒. The profiles were acquired using a skidless contact probe with a 10 m diameter and a traverse length of 35 mm. The assessment length was chosen according to an error analysis conducted to minimize errors associated with shorter assessment lengths. Three profiles were obtained parallel to the traverse direction at three different locations. The average curvature ͑͒ and change in curvature ͑d / dz͒ were used in Eq. ͑1͒ to estimate the corresponding residual stress. These profiles were also used in measuring the average surface roughness ͑R a ͒ of the samples using a cutoff length of 0.8 mm. Estimates of roughness were used to identify any changes to the texture caused by treatments performed with elastic prestress.
Surface treatments are also often used to induce shape changes in selected targets via the elastic recovery of residual stress ͓30,31͔. Thus, the elastic energy stored in the surface as a result of AWJP was determined from the results of the experiments. Specifically, the subsurface residual stress distribution was plotted with the depth and a quadratic curve was fitted to mathematically describe the distribution. The specific energy stored ͑U͒ was obtained from the subsurface residual stress distribution by integrating it between the surface ͑z =0͒ and the depth of compressive residual stress ͑Z max ͒, indicated by Fig. 3͑b͒ according to
where E is the elastic modulus of the substrate.
Near-surface work hardening of the substrate resulting from treatments was also evaluated for each material using nanoindentation. The treated specimens were sectioned into 20ϫ 20 mm 2 and then mounted in a cold-cured epoxy resin. The mounted specimens were polished using silicon carbide abrasive paper with successively smaller particle sizes. Finish polishing was performed using diamond particle suspensions ͑Buehler͒ of sizes 9 m, 3 m, and 0.04 m with a standard cloth wheel. The sections were then mounted onto a ferromagnetic base using cyanoacrylate adhesive that was necessary for the nanoindender stage. Nanoindentation was performed on the polished surface using an automated Hysitron Triboindenter and a Berkovich diamond indenter with a 50 nm tip radius. A standard load/unload procedure was used with a rate of loading and unloading of 600 N / s and a maximum load of 9 mN. Indentations were made starting at 5 m below the treated surface and then in 5 m intervals for a total depth of 150 m. Lastly, the treated surfaces were analyzed using JEOL Model 5600 scanning electron microscope ͑SEM͒ to identify important morphological features associated with the method of treatment.
Results
All specimens exhibited concave deflection away from the treated surface indicating the development of compressive residual stresses and corresponding shape change induced by elastic recovery. As a result of successive layer removal with etching, the curvature decreased, which was quantified using profilometry, until the specimens returned to their stress-free state. The variation in curvature with respect to the distance from the neutral axis for a representative Ti6Al4V specimen is shown in Fig. 3͑a͒ . The corresponding subsurface residual stress distribution for this specimen is shown in Fig. 3͑b͒ . For clarity, the surface residual stress ͑ r:s ͒ and the depth of compressive residual stress ͑Z max ͒ are highlighted in this figure. Note that the largest residual stress was found to exist at the surface of the specimen indicating that r:s = r:max . These quantities were used in characterizing the importance of prestress on the residual stress field.
The influence of prestress on the surface residual stress and depth of compressive residual stress for all three metals are shown in Figs. 4͑a͒ and 4͑b͒ , respectively. Both the magnitude of surface stress and depth of the compressive stress field ͑i.e., the depth of residual stress reversal͒ increased with increasing prestress until a threshold was reached. Beyond the threshold, there was little or no increase. The ͑ r:s ͒ in the spring steel and Ti6Al4V increased in excess of 100% over the range in applied prestress, whereas the surface residual stress in the Inconel increased by approximately 50%. However, both the surface residual stress and depth in Inconel is approximately 100% greater than that exhibited by the Ti6Al4V and spring steel. All three materials showed the same general trend, namely, that the application of prestress increased both the depth and magnitude of the compressive residual stress until a threshold was reached, beyond which there was limited or no increase.
The variation in stored elastic energy is plotted as a function of applied elastic prestress in Fig. 5 . Considering all three materials, the stored specific elastic energy over the depth of compressive stress ͑U͒ ranged from 0.33 MJ/ m 3 to 6 MJ/ m 3 . As expected from the trend in surface stress, there is an increase in the stored energy with prestress. Also, similar to the trend observed in the magnitude and depth of residual stress, treatment of the Inconel resulted in the maximum stored elastic energy. Overall, the effects of elastic prestress are less apparent in the energy changes than in the other residual stress field characteristics.
The results of the surface roughness measurements as a function of the applied prestress are shown in Fig. 6 . While there was no influence of prestress on the average surface roughness ͑R a ͒, the R a is dependent on the substrate material. Specifically, the Ti6Al4V exhibited the highest surface roughness, as expected, due Transactions of the ASME to the low erosion resistance of Ti6Al4V with respect to the other two materials. The surface characteristics examined using the SEM showed evidence of extensive plastic deformation and embedded abrasive particles ͑Fig. 7͒. From a comparison of the materials, the Inconel appeared to exhibit a lower degree of plastic deformation induced by the particle impingement ͑Fig. 7͑a͒͒ when compared with spring steel ͑Fig. 7͑b͒͒ and Ti6Al4V ͑Fig. 7͑c͒͒. This observation agrees with the rank in R a presented in Fig. 6 . Embedded abrasive particles were identified on the surface of all three materials. However, they were smaller than the particle size used for treatment ͑Mesh No. 54: 300 m͒ and showed signs of fracture resulting from multiple impact. The influence of parametric conditions on the size of particles embedded within the substrate and the percentage of surface covered have been addressed in a previous study ͓18͔. Near-surface deformation of the substrate was evaluated from hardness measurements made beneath the treated surface using nanoindentation. Specimens of each metal treated with 75% prestress were evaluated. The results of the measurements are shown in Fig. 8 and indicate that the Inconel exhibited the highest hardness. In addition, the Inconel exhibits evidence of near-surface hardening, with an increase of approximately 20% with respect to the core. Neither the spring steel nor Ti6Al4V exhibited evidence of near-surface work hardening resulting from the treatments.
Discussion
An experimental study was conducted to evaluate the effect of elastic prestress on the subsurface residual stress distributions resulting from AWJP of selected metals. The kinetic energy of the abrasive particles was transferred to the target material resulting in localized yielding of the surface and near-surface layers. Elastic recovery of the near-surface deformation resulted in the development of compressive residual stresses, which caused bending deformation of the relatively thin sheet materials. Previous studies on AWJP without prestress reported residual stress that ranged from approximately 100 MPa to 800 MPa ͓15,16͔. The comparatively low residual stress ͑with respect to other methods of treatment͒ was attributed to a combination of material removal and larger surface roughness that result from AWJP, both of which give rise to stress relief. However, with the addition of a prestress, the magnitude and depth of residual stress obtained from AWJP of all three metals increased. In shot peening of Ti6Al4V, Wagner and Luetjering ͓19͔ noted that maximum residual stresses in the range of 700 MPa and depth of approximately 175 m. Similarly, in shot peening of spring steel, Farrahi et al. ͓21͔ reported a maximum residual stress ranging from 400 MPa to 880 MPa with depth from 50 m to 150 m. The results presented in Fig. 4 for the steel and Ti6Al4V show that AWJP with prestress can provide residual stress characteristics that are comparable and/or more desirable than those obtained by shot peening. The responses in Fig. 4 for steel and the Ti6Al4V suggest that the residual stress increases with prestress up to approximately 60% of the materials yield strength, but there are minimal changes thereafter. Similarly, Osgood ͓6͔ reported that a 50-65% tensile prestrain was optimum in strain peening of coil springs. But in shot peening of spring steel, Xu et al. ͓22͔ reported that the residual stress reached a maximum ͑40% increase͒ with a tensile prestress of approximately 75% of the target yield strength; the depth of residual stress in that study increased by 45%. Note that in AWJP of Inconel, there was no further increase in the magnitude of compressive stress for prestress exceeding 45% of the yield strength. Xu et al. ͓22͔ and Barrett and Todd ͓23͔ did not report a reduction in residual stress beyond a threshold prestress. Collectively these studies indicate that there is a limit to the benefits available from prestress beyond a threshold value and that the limit is material dependent. The unique results obtained for the Inconel are expected to have occurred due to the extensive elastic recovery of the Inconel specimens, which caused yielding of the metal on the surface opposite to that of treatment. Indeed, the Inconel specimens treated with prestress of 60% and 75% recovered to a stress-free configuration that retained curvature, indicating permanent set of the material opposite to the treated surface. It would be valuable to develop a relationship for estimating the threshold prestress in terms of the target mechanical behavior that could be used in the treatment of metals universally. The results of the present study clearly show that the target material properties are important to the threshold prestress, but the results are not adequate to develop such relationship. Further work is planned to support this endeavor.
The subsurface residual stress distributions resulting from AWJP ͑Fig. 3͒ showed that the maximum residual stress exists at the treated surface. In studies of shot peening, the maximum residual stress reportedly occurs beneath and generally within 50-100 m of the treated surface ͓20-23͔, which is different from the distribution resulting from AWJP. The aforementioned residual stress measurements were conducted using X-ray diffraction and not using the curvature technique. Flavenot ͓27͔ evaluated the residual stress fields resulting from shot peening using the layer removal technique and found a similar residual stress distribution, i.e., that the maximum stress was not located at the treated surface. Therefore, the measurement technique was not responsible for the unique stress distribution resulting from AWJP. It is expected that the nature of elastic recovery resulting from release of the bending moment is largely responsible for the unique subsurface stress profile. Treatments conducted with other subsurface prestress distributions will undoubtedly result in residual stress profiles that differ from those identified here and this aspect of treatment is reserved for future study.
In the present investigation, the magnitude of surface residual stress ranged from 700 MPa to 1500 MPa in Ti6Al4V, whereas previous investigations involving AWJP of the same material resulted in residual stresses in the range of 90-350 MPa ͓15͔. The comparatively high surface residual stress reported for the treatment without prestress in the present study is attributed to two factors, namely, ͑1͒ the evaluation method used to quantify the residual stress field and ͑2͒ the parametric conditions used to conduct the treatments. In Ref. ͓15͔, the surface residual stress was estimated by X-ray diffraction with an effective penetration depth of 12.0 m, which was of the same order of magnitude as the surface roughness resulting from treatments. At this low depth of penetration, the measured residual stress was highly influenced by the surface roughness, which caused a near-surface stress relief and reduced the magnitude of apparent residual stress. The layer removal technique was chosen to evaluate the residual stress fields in the current study to overcome the influence of surface texture. Furthermore, the highest magnitude of residual stress reported in Ref. ͓15͔ was obtained for an abrasive particle Mesh No. 120 and a pressure of 140 MPa ͓15͔. Note that the present study was conducted with an abrasive particle Mesh No. 54 and a pressure of 260 MPa. The larger pressure and particle size increased the degree of near-surface deformation and corresponding magnitude of residual stress with regard to the previously published work.
The AWJ treatments were conducted on surfaces that were under a state of tensile elastic prestress. Flexural loading imposed a prestress that was maximum at the surface and decreased linearly to zero at the neutral axis. Between the interior load points, the surface prestress was uniform over the entire treated surface. Due to the load ͑and stress͒ control boundary conditions, the applied surface stress remained constant despite the continuous elastic recovery of the surface. Some of that elastic deformation was stored in the body due to the continuous and permanent "set" achieved by the subsequent particle induced plastic deformation. Within the sheet specimens, the elastic energy was stored on the compressive side of the neutral axis ͑i.e., opposite to the side of treatment͒, which was quantified according to Eq. ͑2͒. Upon release of the prestress after treatment, there is a component of elastic energy that remains in the treated substrate. The stored energy ͑U͒ in the treated metals exhibited a large increase with prestress, as shown in Fig. 5 . Overall the application of prestress resulted in a 100% increase in stored energy in Inconel, approximately 150% increase in Ti6Al4V and over 400% increase in the spring steel. Using the same approach to determine the stored energy, shot peening of spring steel in Ref. ͓22͔ resulted in an energy of approximately 0.7 MJ/ m 3 , whereas in Ref.
͓21͔ the values ranged between 0.2 MJ/ m 3 and 2.6 MJ/ m 3 . Therefore, the stored energy resulting from AWJP of spring steel is comparable to these studies but considerably larger for the Ti6Al4V and Inconel. There are two potential causes for the differences, namely, the boundary conditions used in the application of prestress and the lower elastic moduli of the Inconel and Ti6Al4V. The ability to induce high stored energy to the target material makes AWJP with elastic prestress a desirable candidate for peen-forming operations, particularly for metals with lower elastic modulus. Yet, the trends shown by the metals in Fig. 5 indicate that a unique threshold exists for each of the metals, beyond which there are minimal benefits of further increasing prestress.
Abrasive waterjet peening introduces extensive near-surface deformation as a result of abrasive particle impact. But, as evident in Fig. 8 , there is not a significant degree of subsurface work hardening in the Ti6Al4V or spring steel. The Inconel target was the only material that exhibited an increase in the near-surface hardness, which can be attributed to the comparatively high strainhardening exponent of the material and large ductility ͑Table 1͒. Both of these components of mechanical behavior increased the capacity for near-surface work hardening. The results are not consistent with those of other processes. Shot peening treatments conducted by Martin et al. ͓32͔ on SAE 1045 steel reported an increase in hardness from 2.5 GPa to 3.5 GPa with the workhardened layer extending to 300 m beneath the surface. In shot peening treatments reported by Yan et al. ͓33͔ , the surface hardness of Hadfield steel increased from 2.5 GPa to 7.6 GPa with peen duration increase from 0 min to 120 min; the work-hardened layer extended to a depth of 400 m beneath the surface. Due to the potential for material removal, it is unlikely that treatment intensity would have similar effects on work hardening in AWJP. Nevertheless, it appears that the material removal process in AWJP minimizes the extent of near-surface hardening overall and, in particular, when compared with competing methods of treatment. This behavior reduces the likelihood of embrittlement by excessive treatment and would be favorable for the fatigue re-sponse. Indeed, preliminary studies on the fatigue behavior of AWJ peened metals have shown that there is an increase in fatigue life despite the large surface roughness ͓16͔.
Although AWJP of the three metals was conducted using identical treatment conditions, there were distinct differences in the magnitude of maximum residual stress obtained ͑Fig. 4͒. Previous work on shot peening has distinguished that the workpiece hardness has a significant effect on the residual stress field ͓20,34,35͔. Wick et al. ͓20͔ showed that an increase in the workpiece hardness resulted in an increase in r:max . Evaluations conducted on AISI 4140 with hardness ranging from 230 HV to 600 HV showed that r:max increased with target hardness from 400 MPa to 800 MPa. Torres et al. ͓34͔ observed a similar trend in shot peening of heat-treated AISI 4340 with hardness ranging from 39 HRC to 53 HRC. For a peening intensity of 0.008 A, the r:surface increased from 700 MPa to 1000 MPa with an increase in hardness. Gao et al. ͓35͔ reported the same trend for shot peening of 40Cr steel over hardness ranging from 21 HRC to 52 HRC. The results from these studies might be interpreted to suggest that the magnitude of maximum residual stress for the three AWJ peened metals should rank according to their hardness as quantified in Fig. 8 ͑i.e., H͑Inconel͒ Ն H͑steel͒ Ն H͑Ti6Al4V͒͒. However, the residual stresses ͑Fig. 4͑a͒͒ do not follow suit. It is important to note that the aforementioned trends reported for shot peening have been obtained in studies performed with a single metal chemistry. As such, the mechanisms of work hardening are consistent among the samples, influenced only by small differences in microstructure ͑i.e., grain size, number or size of precipitates, etc.͒, and there are only slight variations in the constitutive behavior. The use of different metals in the present investigation causes the differences in residual stress to be potentially attributed to a number of factors that influence both the mechanisms of the work-hardening process and the corresponding constitutive behavior. That raises the level of complexity in distinguishing relationships between the metal properties and the resulting residual stress. In that regard, results from the current investigation are not sufficient to establish a simplistic relationship between workpiece hardness and residual stress.
The results obtained for AWJP of all three metals showed that prestress is an effective method for improving characteristics of the residual stress field. Most importantly, AWJP with prestress can be used to achieve a textured surface with residual stresses that are comparable to those obtained using alternate methods of treatment, which are not capable of providing desired changes in surface roughness. Nevertheless, there are recognized limitations of this investigation. Results were obtained by treating a single specimen under each treatment condition. While one may question the statistical validity of this approach, the parametric conditions resulting in the maximum residual stress were used in performing a replication study that involved treatment of five additional specimens. The coefficients of variation for the surface residual stress and depth of residual stress in these specimens were 3% and 5%, respectively. These levels of variation are far smaller in magnitude than the variations in dependent variables that were obtained between the levels of prestress, which provide further confidence in the experimental results. Also, the treatments were conducted with crushed aluminum oxide abrasives. While inert, it is recognized that Al 2 O 3 may not be appropriate for the treatment of medical devices due to a number of factors. However, more biocompatible materials and/or formulations including hydroxyapatite and bioglass can be used for the treatment particles and would provide additional chemical benefits to extend the biocompatibility and to increase the degree of osteoconductivity of the treated surface. The residual stress distributions in the present study were obtained by subjecting the specimens to bending prestress under load control conditions. As a result, the prestress remained constant throughout the treatment. Displacement control prestress may be more likely to result from common fixturing in a production environment. Desired characteristics in the residual stress distribution may be achieved by treating components with prestress distribution resulting from uniaxial tension or a superposition of bending and tension. Future studies should be performed to evaluate these opportunities for improving/optimizing the residual stress field in AWJP or alternative methods of surface treatment using prestress.
Conclusions
An experimental investigation on the effect of elastic prestress on the subsurface residual stress distribution resulting from AWJP was conducted. Surface treatments were performed over an elastic prestress range from 0% to 75% of the substrate yield strength. Results obtained from this study showed the following.
1. The magnitude of surface residual stress and depth of the compressive stress distribution increased with an increase in the elastic prestress for all three materials. In both the Ti6Al4V and spring steel, there was a 100% increase in the magnitude of surface residual stress, whereas surface residual stress in the Inconel increased by approximately 50%. 2. The maximum surface stress and depth of the residual stress was obtained at a prestress equivalent to 45%-60% of the target material yield strength. Beyond that level of prestress, there were minimal changes in the residual stress characteristics. 3. AWJP with prestress resulted in an increase in the specific stored energy within the targets. Depending on the material, the stored energy varied from 0.3 MJ/ m 3 to 6 MJ/ m 3 and the increase with prestress ranged from approximately 20% ͑Ti6Al4V͒ to over 200% ͑spring steel͒. 4. There was no influence from prestress on the surface roughness resulting from AWJP.
